Simulation of light propagation within nematic liquid-crystal (LC) devices is considered, of which the director is aligned normal to the z axis. A three-dimensional full-vector finite-difference beam propagation method for an anisotropic medium is presented and an alternating direction implicit scheme is adopted. Simulations of light propagation in a bulk polarization converter, a waveguide with a LC covering layer, and an integrated polarization splitter and optical switch are presented. Comparison with an existing simulation method is carried out for beam behavior within the bulk polarization converter. The effect of strong surface anchoring of a LC cell on the beam behaviors within the integrated switch is also demonstrated.
INTRODUCTION
Liquid-crystal-(LC-) based optical devices have been widely used in photonic information processing for its birefringence and electro-optical characteristics. Numerous application examples involve bulk LC displays, LC optical switches, and LC variable optical attenuators and polarization controllers. [1] [2] [3] [4] LCs are also combined with photonic integrated circuits or photonic crystal circuits to construct, e.g., integrated optical switches, polarization splitters, or modulators that have a compact size and benefit from integration with a low fabrication cost. [5] [6] [7] [8] [9] Accurate modeling and simulation of light behaviors are essential in developing these LC-based optical devices. For bulk LC devices, matrix methods, such as the Jones matrix method or the Berreman matrix method, are popularly used for their simplicity. 10, 11 When the device structure is comparable to the scale of the wavelength, some numerical methods, such as the finitedifference (FD) time-domain method and the beam propagation method (BPM), have been employed based on a two-dimensional (2D) model of the device. [12] [13] [14] [15] [16] These simulation tools work well for some LC optical devices, such as LC gratings. However, for some other types of LC devices, such as LC-involved photonic integrated circuits, simulations based on a three-dimensional (3D) model are more desired since the channel waveguide has a finite cross section. However, most published investigations simulated the beam behaviors in integrated optical devices with the BPM based on a 2D approximation. 5, 6 Therefore, in the present paper, a 3D FD BPM is presented in Section 2 for modeling and simulation of optical devices involving LCs, of which the director is aligned normal to the z axis. A full-vector BPM was presented in Ref. 16 for an anisotropic waveguide; however, it solved the BPM equations with sparse matrix solvers, such as ORTHORMIN or BICGSTAB. In the present paper, an alternat-ing direction implicit (ADI) scheme is adopted, which simplifies the calculation procedure by its noniterative nature. Three numerical examples, namely, a bulk LC polarization converter, a waveguide with a LC covering layer, and an integrated optical switch and polarization splitter, are given in Section 3. Comparison with an existing simulation method is carried out for beam behavior within the bulk polarization converter. The effect of strong surface anchoring of the LC cell on the beam behaviors within the integrated switch is also demonstrated.
THREE-DIMENSIONAL FINITE-DIFFERENCE BEAM PROPAGATION METHOD WITH THE alternating DIRECTION IMPLICIT SCHEME
The full-vector wave equation of an electric field in a medium involving LCs is
where k =2 / 0 and 0 is the wavelength in free space. ⑀ is the optical tensor of the LC and it has the following form when the director of LCs is aligned in the x -y plane:
where n o and n e are ordinary and extraordinary refractive indexes, respectively. is the angle between the x axis and the director. It could be the tilted angle or twisted angle of the director depending on the alignment of the LCs. With the approximation that ‫⑀ץ‬ zz / ‫ץ‬ z Ϸ 0, the wave equations for transverse components E x and E y are
Assume that E i = Ê i exp͑jkn 0 z͒, ͑i = x , y͒ (the slowly varying envelope approximation) and take the paraxial assumption, i.e., neglect the second-order derivative term of the envelope field on z. Equations (3a) and (3b) these become the full-vector paraxial beam propagation equations:
where the operators P xx , P xy , P yx , and P yy are
To solve Eq. (4) noniteratively, an ADI scheme is adopted in the present paper, which was developed for full-vector BPM with isotropic dielectric structures. 17 First, by splitting the operators P xx and P yy , Eq. (4) can be written as
Similarly,
For Eq. (6), with the Crank-Nicholson scheme, we have
͑7͒
An approximation for 1
For Eq. (8), by adding high-order errors, it has the form
Equation (9) 
͑11b͒
Obviously these equations are tridiagonal matrix equations, which are equivalent to 2D beam propagation problems. The transparent condition or perfectly matched layer can be used at the edges of the calculation region. 18, 19 With these BPM equations, modeling of beam behaviors within a bulk LC linear polarization converter, a waveguide with a LC covering layer, and an integrated LC switch and polarization splitter are now presented in Section 3.
NUMERICAL EXAMPLES A. Bulk Liquid-Crystal Linear Polarization Converter
Both twisted and parallel-aligned LC cells with specific configurations can perform the function of linear polarization converting. Here a 90°twisted nematic LC cell is chosen to be a numerical example. The ordinary and extraordinary refractive indices of LCs are 1.5 and 1.7 at a wavelength of 1550 nm, respectively. According to analysis by the Jones matrix, it is known that when the cell thickness d = ͑ ͱ 3͒ / ͓2͑n e − n o ͔͒, the input linear polarization direction can be ideally rotated by 90°when the light passes through LC cell. Suppose the rubbing direction of the first surface is along the x axis and for the second surface it is along the y axis. With the above full-vector FD BPM, the propagation of an E x -polarized Gaussian beam with 0 =10 m within this LC cell is modeled and the corresponding results (power of the respective polarization component versus the propagation distance) are presented in Fig. 1 . For comparison, the simulation results obtained with the Jones matrix are also presented in Fig.  1 . One can see that these calculated results obtained by the above 3D full-vector FD BPM and Jones matrix are in good agreement.
In practical simulations, the items
in the above 3D full-vector FD BPM are small and can be neglected. Light propagation within this polarization converter is simulated by the FD BPM while neglecting these four items, and the corresponding results are presented in Fig. 1 as circles. One can see that they also have good agreement with the results obtained by the other two approaches.
B. Eigenmode of a Three-Dimensional Waveguide with a Liquid-Crystal Covering Layer
The eigenmode solution of a 3D waveguide with a LC covering layer is essential work for the modeling of integrated LC devices. In this numerical example, a channel waveguide of cross section 5 m ϫ 5 m is considered. The LC used in the above example is chosen as the covering layer with parallel alignment. The refractive indices of the core and cladding of the waveguide are assumed to be 1.71 and 1.7, respectively. With the above-developed 3D full-vector BPM and the imaginary-distance BPM technique, 20 E x and E y components for the TE mode are presented in Figs. 2(a) and 2(b). Its effective refractive index is 1.70784. Correspondingly, field distributions of the TM mode are presented in Figs. 2(c) and 2(d) . The effective index for the TM mode is 1.70670.
C. Integrated Polarization Splitter and Optical Switch
The third numerical example considered is an integrated polarization splitter and optical switch. Figure 3 presents the schematic configuration, which is a directional coupler containing a layer of LC (actually it is a LC cell with waveguides on both substrates). The same LC parameters and waveguide index profile are chosen as in the above. The separation of the two waveguides, i.e., the thickness of the LC layer, is 5 m and the length of the directional coupler is 4000 m. Light propagation in this device will be investigated based on the 3D model under three cases:
(1) off state (no applied voltage); (2) high applied voltage
͑10 V͒, but strong surface anchoring; and (3) high applied voltage, but ideal weakly surface anchoring (all of the LC director ideally realigned parallel with the y axis). For these three cases, the eigenmodes of waveguide B calculated by the above example are chosen to be the input fields. With this full-vector 3D FD BPM, the propagation of the input fields along the directional coupler is calculated and the simulation results are shown in Figs. 4(a)-4(f) for these three cases. The normalized powers in waveguide B for TE and TM modes along the propagation distance are presented in Fig. 5 . The calculation results for case one [Figs. 4(a) and 4(b) and the solid curves in Fig. 5 ] indicate that within the length of 4000 m in this numerical example, light is coupled from waveguide B to waveguide A for the TE mode. However, for the TM mode, the light is well confined in waveguide B; in this case it can be used as a polarization splitter. It is known that the LC director will be realigned when there is an appropriate applied voltage.
For the strong anchoring case, the director in the middle of the cell becomes almost parallel to the y axis, but at the LC cell surface, it still keeps the same alignment even when the applied voltage is high. In case two, the applied voltage is assumed to be 10 V and the exact profile of the LC director is solved by the iterative FD method proposed in Ref. 21 . The parameters involved in solving the director profile are k 11 = 11.7ϫ 10 −12 N, k 22 = 9.0ϫ 10 −12 N, k 33 = 19. 5] indicate that in this case, both TE and TM modes are basically confined in waveguide B and the TM mode is coupled to the TE mode while propagating along the device. For case three (the LC director is aligned vertically throughout the cell), the TM mode is coupled between waveguide A and B instead of remaining in waveguide B, as happened in the above two cases, and the TE mode is confined in waveguide B instead. The difference in simulation results between case two and case three shows that surface anchoring plays an important role in the device performance. The results in Fig. 5 also suggest that for this device to work as an optical switch, the coupling length should be ϳ4000 m for the TE mode and ϳ2750 m for the TM mode.
CONCLUSION
Light propagation within LC devices, of which the director is aligned normal to the light propagating direction, has been simulated. The three-dimensional full-vector finite-difference beam propagation method with an alternating direction implicit scheme for an anisotropic medium has been presented. Beam propagation within the bulk LC linear polarization converter has been modeled and the simulation results agree well with those obtained by the Jones matrix method. As numerical examples of an integrated LC device, the full-vector eigenmodes of a waveguide with an LC covering layer has been solved. Finally, the integrated polarization splitter/optical switch has been modeled and beam behaviors within this device have been simulated for both ON and OFF states. The effect of strong surface anchoring on the device performance has been demonstrated numerically.
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